Abstract-The finite-difference time-domain method and the turning bands method are used to calculate the wave attenuation in sand and dust storms at the frequencies of 10-100 GHz. The digitized models, with a random process using the turning bands method, are simulated for sand and dust particles. The proposed formula shows that wave attenuation in sand and dust storms depends on the visibility, frequency, sand and dust particle radius, and on complex relative permittivity. Obtained results of the wave attenuation are also compared with those obtained by four other methods: the effective material property technique, the Rayleigh scattering approximation, the measured probability density function and Mie scattering theory, and the volumetric integration of Mie scattering results by individual particles. It is found that our formula produces a mean value of wave attenuation among these five formulas. It is confirmed that the wave attenuation is negligible except for frequencies above 30 GHz and for very severe storms with visibility less than 0.02 km. It is also found that the particle size distribution function and equivalent particle radius are two major factors which will affect the wave attenuation in sand and dust storms.
Rayleigh scattering approximation is suitable for particles much smaller than a wavelength. The Mie scattering theory is famous in the study of scattering and absorption by spherical particles. However, calculations of wave attenuation in sand and dust storms by Rayleigh scattering approximation and Mie scattering theory do not take the multiple scattering effects or mutual interaction phenomenon into account. Besides, sand and dust particles are randomly distributed in the air. Their geometries can not be classified as spheres, ellipsoids, cubes, or otherwise.
An accurate calculation of wave attenuation in sand and dust storms needs detailed information such as sand and dust particle dimension, shape, complex permittivity, size distribution functions, visibility, and frequency, etc. Based on previous research experience [20] , the finite-difference time-domain (FDTD) method [21] implemented with the turning bands method [22] , [23] is first used to study the scattering, absorption, and extinction cross-sections of sand and dust particles at microwave and millimeter-wave frequencies. In the calculations of scattering, absorption, and extinction cross-sections of sand and dust storms, the complex permittivity of sand and dust is reviewed and adopted from the literature [6] , [7] , [10] , [11] , [24] [25] [26] . After obtaining extinction cross-section, an empirical formula of extinction cross-section in terms of frequency, particle radius, complex relative permittivity, and visibility is derived. The attenuation is obtained by integrating the product of empirical formula of extinction cross-section and particle size distribution function over particle size. The particle size distribution of log-normal function is adopted for calculating the wave attenuation in sand and dust storms. The obtained microwave and millimeter-wave attenuations in sand and dust storms are presented and compared with other theoretical results.
II. FDTD METHOD
The basic FDTD method was first proposed in 1966 by Yee [21] for electromagnetic analysis. In recent years, due to its powerful and versatile features, the FDTD method has become a very popular technique for designing antennas, solving electromagnetic interference/compatibility (EMI/EMC) problems, manufacturing shielding materials, analyzing microwave engineering, studying bio-electromagnetics, and solving many electromagnetic problems. In the FDTD solution procedure, the coupled Maxwell's equations in differential form are solved for various points of the scatterer as well as its surrounding 0018-926X/$31.00 © 2012 IEEE in a time-stepping manner until convergent solutions are obtained. Following Yee's notation and using centered difference approximation on both the time and space first-order partial differentiations, six finite-difference equations for six unique field components within a unit cell are obtained. In these six finite-difference equations, electric fields are assigned to half-integer time steps and magnetic fields are assigned to integer ( ) time steps for the temporal discretization of fields. To ensure numerical stability, the time step is set to , where and are the cell size and the speed of light, respectively. The center difference approximation ensures that the spatial and temporal discretizations have second-order accuracy, where errors are proportional to the square of the cell size and time increment [21] . An important problem encountered in solving the time-domain electromagnetic-field equation, by the FDTD method, is the absorbing boundary conditions. Several absorbing boundary conditions (ABC) have been proposed in the FDTD method such as second-order Mur [27] , and Liao [28] , and perfectly matched layer (PML) [29] . In our formulation, the second-order Mur approximation of absorbing boundary conditions [27] is used for the FDTD simulations. We use the second-order Mur absorbing boundaries because they do not require much memory and have a reasonable accuracy. The external absorbing boundaries are placed at a distance of 7 9 on all sides of the scattering object as shown in Fig. 1 , where is the cell size of a cube used in FDTD models. Details of the FDTD method are available in many publications and will therefore not be repeated here. This paper uses the FDTD method to calculate the extinction cross-sections of sand and dust storms at microwave and millimeter-wave frequencies. Fig. 1 shows the FDTD model of sand and dust storm particles. The cell size of a cube used in FDTD models is obtained from a spherical particle for the same volume. The plane wave with electric field of 1 V/m is adopted as the incident wave.
III. TURNING BANDS METHOD
Sand and dust particles are randomly distributed in the air. These randomly distributed particles construct a strongly heterogeneous media due to the wind blown in a storm. The turning bands method can provide a convenient framework for the statistical description of strongly heterogeneous media [22] , [23] . This paper uses the turning bands method to set up 3-D random digital models for simulations in the FDTD method. In the turning bands method, the random process function and the correlation function are used in the study for random particles located in the three dimensional (3-D) space. According to the turning bands method, any 3-D simulation can be reduced to several independent 1-D simulations by [22] (1) where and are the 1-D correlation function and the location at any point in space, respectively.
If the 1-D random process function , associated with the 1-D correlation function , have been generated on lines uniformly distributed in the 3-D space, then the random process function can be obtained by taking the arithmetic average of the values of at the projected points of on those lines. Let denote the unit vector of line . Then define (2) where stands for the dot product between vector and . When approaches infinity, converges to some , and the correlation function turns out to be precisely . Thus, any 3-D simulations are reduced to several independent 1-D simulations on different lines in space [23] .
Following the turning bands method [23] , there exists another function such that the convolution (3) can be satisfied for the 1-D correction function . The discrete samples of random process associated with correlation function can be generated in the following equation:
where is obtained from the convolution form of (3), and is a discrete sample function generated on a line with evenly spaced points. In this paper, we use the Gaussian 3-D function as the correlation function expressed by (5) where the parameter is the correlation length. The associated 1-D correlation function can be obtained from (1) expressed by (6) The function in the convolution form of (3) can be obtained by (7) It should be noted that the random process in the turning bands method is assumed to be stationary and isotropic, i.e., the correlation length used in the random process must be the same in all directions. In our simulations, however, we used correlation lengths of different values in the -, -, and -direction. The 3-D random digits are obtained by modifying (2) expressed by (8) A geometrical spreading structure of particles used for one FDTD model can be generated by (6) , (7), and (8) . For example, a 3-D random digital model with 3 particles in each Cartesian coordinate for correlation lengths of 1.5, 1.6, and 1.7 in the -, -, and -direction can be obtained, respectively, as follows:
(12)
(15)
The 3-D random digits of 27 particles are expressed by , , and . Locations of the 27 particles used for the FDTD model are obtained by taking the integer part of a real number of the 3-D random digits expressed by (2, 3, 4), (2, 3, 5), (2, 3, 7), .., and (5, 6, 7).
In FDTD simulations, the correlation lengths for random processes in the x, y, and z coordinates for case 1, case 2, and case 3 are taken to be , , and , respectively. Correlation lengths (R, S, T) are adopted to be (1.5, 1.6, 1.7), (1.8, 1.92, 2.04), (2.25, 2.4, 2.55), (2.55, 2.72, 2.89), and (3.0, 3.2, 3.4) for different particle numbers and particle size. In the same space, smaller correlation lengths are used for larger particle numbers and smaller particle size, while larger correlation lengths are used for smaller particle numbers and larger particle size. Fig. 2 shows the random digital model in a 3-D Cartesian coordinate system for particle numbers of 125 in three cases with different correlation lengths of 1.8, 1.92, and 2.04, respectively.
IV. WAVE ATTENUATION IN SAND AND DUST STORMS
The attenuation of wave propagation in sand and dust storms can be calculated by integrating the product of extinction crosssection function and particle size distribution function over particle size as given by Van de Hulst [30] (18) or (19) where and are the extinction cross-section of a spherical particle with radius and the number of particles with radii between and per unit volume, respectively. The attenuation (18) may be derived under the assumption that a spherical particle having an equivalent radius , with the same volume of a cubical particle having a cell size of , is used for FDTD simulations. Based on this assumption, the cell size d and radius have a relationship of . Basically, is a particle size distribution function which may be expressed by (20) where is the mean number density of particles of all sizes , and is the probability function that particles with radii lie between and . The particle size distributions of sand and dust storms were investigated by numerous researchers and classified into exponential function [31] , [32] , normal function [33] , power law function [34] , and log-normal function [35] [36] [37] [38] . However, it is very difficult to precisely predicate a clear pattern for particle size distributions. Ahmed et al. [15] indicated that log-normal functions fit more adequately than power law or exponential functions for modeling particle size distributions. In this paper, the probability function of the log-normal distribution is used for the study of wave attenuation in sand and dust storms expressed by [18] , [39] (21)
where is particle radius in micrometers, , , is the standard deviation, and is the mean radius of particles in micrometers, respectively. A plot of of the log-normal distribution using the radius as the abscissa on a logarithmic scale is shown in Fig. 3 , where and are adopted to be 1.7 and 11.25 m, respectively. It should be noted that the cumulative data of for all radii equals unit is expressed by (22) Fig. 3 . Log-normal distribution function of (12) . Where and are adopted to be 1.7 and 11. 25 .
The volume fraction of sand and dust particles in a storm [9] can be expressed by (23) where is the visibility in kilometers. It should be noted that the mass density of 2.44 is used to derive (23) . The mean number density of particles of all sizes can be derived from (14) by assuming an equivalent particle radius for all particles in a storm expressed by (24) where is the visibility in kilometers and is the equivalent particle radius in meters. According to Ahmed's evaluations [36] , the equivalent (averaged) particle radius was found to be 7.2-15.3 m for eight log-normal particle size distribution functions. In this study, the averaged value of 11.25 m is used for the equivalent particle radius.
In order to obtain the averaged extinction cross-section (ECS) per particle for different particle radii, the FDTD method implemented with the turning bands technique is used to calculate the induced internal fields in the sand and dust particles at frequencies of 10-100 GHz. In FDTD simulations, the particle numbers of are adopted with respect to spherical particles with a radius of for a sample storm volume of having a visibility of 0.001-1 km, respectively. The models including air used for FDTD simulations are constructed with 742 050-39 324 740 cubical cells for particle numbers of , respectively. Table I illustrates the last random digits and different correlation lengths of sand and dust particles in the , , and directions for various particle numbers and visibility of 0.001 km in case 1. The complex permittivities of sand and dust are reviewed and adopted from the literature [6] , [7] , [10] , [11] , [24] [25] [26] as shown in Table II .
After determininShorts22nowg the induced internal fields in the sand and dust particles by the FDTD method, the equivalent free-space current density [40] in the sand and dust particles can be computed by (25) (26) where is the electric field in the sand and dust particles, is the dielectric constant of free space, is the angular frequency and denote the conductivity and relative dielectric constant of the sand and dust particles, respectively. , and are unit vectors in the -, -, and -axis, respectively. , , and are the current densities flowing in the -, -, and -axis inside the sand and dust particles, respectively. It should be noted that the relative dielectric constant equals and the conductivity equals , where and are the real and imaginary parts of the complex relative permittivity of sand and dust listed in Table II , respectively. The first term of (25) is the conduction current and the second term represents the polarization current. Therefore, the electric field scattered from the sand and dust particles can be obtained from the equivalent free-space current density expressed as [41] In the above equations, is the identity tensor, is the permittivity of free space, is the permeability of free-space, is the wave propagation constant of free space, and are field position vector and source position vectors, respectively. For far-field approximation ( and ), the scattered far-field components and , can easily be obtained by calculating the far-field radiated from currents distributed in the sand and dust particles as presented in [41] (32) where is the wave impedance, is the wave propagation constant, is the field position point, is the source position point, and , , and are the current densities flowing in the -, -, and -axis inside the sand and dust particles, respectively.
The absorbed power in the sand and dust particles can be calculated by using the following volume integral equation: (33) where is the induced electric field in the sand and dust particles.
Similarly, the power scattered by the sand and dust particles is given by (34) where s is the Gaussian surface enclosing the sand and dust particles, and is the electric field scattered from the sand Fig. 4 . Averaged extinction cross-section (ECS) per particle over three cases (case 1, case 2, and case 3) of random digital particles of for different particle sizes and visibilities at 10 GHz. Fig. 5 . Averaged extinction cross-section (ECS) per particle over three cases (case 1, case 2, and case 3) of random digital particles of for different particle sizes and visibilities at 14 GHz. and dust particles. The absorption cross-section and the scattering cross-section are defined by (35) where is the incident power density . Finally, the extinction cross-section is defined by (36) The averaged values of the extinction cross-section per particle over three cases (case 1, case 2, and case 3) of random digital particles of simulated by the FDTD method for the cell sizes of m and visibility of 0.001-1 km at frequencies of 10-100 GHz are shown in Figs. 4-8 , respectively. It is found that the variation of averaged extinction crosssection per particle depends on the complex permittivity, frequency, particle size, and visibility of sand and dust storms. From Figs. 4-8 , it is clear that averaged extinction cross-section per particle decreases sharply as the visibility increases from Fig. 6 . Averaged extinction cross-section (ECS) per particle over three cases (case 1, case 2, and case 3) of random digital particles of for different particle sizes and visibilities at 24 GHz. Fig. 7 . Averaged extinction cross-section (ECS) per particle over three cases (case 1, case 2, and case 3) of random digital particles of for different particle sizes and visibilities at 37 GHz. 1 meter to 1 kilometer. It is also found that the averaged extinction cross-section per particle decreases as the particle size increases. Comparing the obtained results shown in Figs. 4-8 , it is shown that the averaged extinction cross-section per particle increases as the frequency increases. In order to calculate the attenuation of (18), an empirical formula for the extinction cross-section function was developed from the obtained results shown in Figs. 4-8 . Using the least-square curve-fitting technique [42] , an extinction cross-section function was fitted with the parameters of frequency, radius, complex relative permittivity, and visibility expressed by (37) where is the frequency in GHz and is radius in micrometers, and is the complex relative permittivity of sand and dust particle, respectively. Such an approximate method would be very valuable even if it were to give results Fig. 8 . Averaged extinction cross-section (ECS) per particle over three cases (case 1, case 2, and case 3) of random digital particles of for different particle sizes and visibilities at 100 GHz.
within 10% to 15% of the values calculated by the more sophisticated FDTD method and turning band technique. This formula is directly derived from the results of extinction cross section calculated by the FDTD method for a large variation in particle size and hence could be used to make wave attenuation in sand and dust storms with good accuracy.
After substituting the empirical formula of extinction crosssection function of (37) and particle size distribution function of (20) in (19) , an empirical formula for wave attenuation in sand and dust storms can be obtained by numerical calculation as (38) where K is an integer number of , and are the maximum radius of storm particle and the incremental radius, respectively. It is clear that the value of wave attenuation in (38) depends on the choice of the incremental radius and the maximum radius . According to Goldhirsh's report [10] , [17] , the minimum and maximum radii of sand and dust storm particles are found to be 0.1 and 150 m, respectively. Therefore, the minimum and maximum radii of 0.1 and 150 m will be adopted for the calculation of wave attenuation. In order to make an optimal choice of , we change the values of from 0.001 to 1.0 , adopt log-normal particle size distribution function of (20) and mean number density of (24), and take the equivalent particle radius of 11.25 m for the calculation of wave attenuation. It is found that wave attenuation will approach convergence value as the incremental radius is in the range of 0.001 to 1.0 m. In the following calculations of wave attenuation by (19) , the incremental radius will be taken to be 0.1 m. The reason for choosing for the calculation of wave attenuation is to take the factors of convergence and computing time into account. By choosing a larger value in , we will get larger error in wave attenuation. On the other hand, by choosing too small a value in , the calculations of wave attenuation will take more time without improving accuracy. It is apparent from (21) and (24) that the particle size distribution and the equivalent particle radius are two major factors which will affect the wave attenuation in sand and dust storms. The effect of sand and dust storms on wave attenuation has received considerable attention especially at microwave and millimeter-wave frequency ranges. Based on the effective material property technique, Dong et al. [43] derived a general formulation of attenuation for microwave and millimeter-wave attenuation in sand and dust storms expressed by (39) where (40) (41) and are the relative dielectric constant of air and volume fraction occupied by sand and dust particles in a unit volume, and are the real and imaginary parts of , and is the complex relative permittivity of sand and dust, respectively. Based on Rayleigh scattering approximation, Goldhrish [17] derived an attenuation formula for microwave attenuation in dust storms expressed by (42) where is the visibility in kilometers, is the wavelength in air in meters. Based on measured probability density function and Mie scattering theory, Ahmed et al. [15] derived an attenuation formula for millimeter-wave propagation in sand and dust storms expressed by (43) where is the visibility in kilometers, is wavelength in air in meters, and is the effective particle radius in micrometers, respectively. Based on volumetric integration of the Mie scattering results by individual particles, Elabdin et al. [19] derived another attenuation formula for microwave propagation in dust storms expressed by (44) where (45) (46) is the visibility in kilometers, is the frequency in GHz, and is the equivalent particle radius in meters, respectively. Under the same conditions, comparison of attenuations obtained by Dong [19] have a higher value of wave attenuation, and our formula results in a mean value of wave attenuation, respectively. The difference among wave attenuations obtained by these five formulas becomes more significant with lower visibility as shown in Figs. 9-13. It is found that the wave attenuation obtained by these five formulas decreases sharply as the visibility increases. It is also confirmed that the wave attenuation is negligible except for frequencies above 30 GHz and very severe storms with visibility less than 0.02 km [9] , [10] , [12] . The wave attenuation in sand and dust storms increases as the frequency increases; this is due to the significant scattering effects which occur at frequencies higher than 30 GHz. The wave attenuation in sand and dust storms increases as the visibility decreases because wave attenuation is directly proportional to the particle number. 
V. CONCLUSIONS
The FDTD and the turning bands methods have been successfully used to calculate the wave attenuation in sand and dust storms at the frequency of 10-100 GHz. Our formula for calculating wave attenuation in sand and dust storms is based on multiple scattering effects or mutual interaction phenomenon. The proposed formula shows that wave attenuation in sand and dust storms depends on the visibility, frequency, sand and dust particle radius, and on complex relative permittivity. To calculate the wave attenuation in sand and dust storms, data are also required for the number of particles within a storm and the equivalent particle radius; they are difficult to measure accurately. Obtained results of the wave attenuation in sand and dust storms are also compared with those obtained by four other methods: the effective material property technique, the Rayleigh scattering approximation, the measured probability density function and Mie scattering theory, and the volumetric integration of Mie scattering results by individual particles. A comparison of the research results founds that the wave attenuation obtained by the effective material property technique and the Rayleigh scattering approximation has a lower value of wave attenuation than that obtained by the other three formulas. Formulas implemented with the measured probability density function and Mie scattering theory result in a higher value of wave attenuation. Our formula produces a mean value of wave attenuation among these five formulas. Because the number of particles within a storm increases sharply and mutual interaction phenomenon among particles becomes significant at lower visibilities, the difference among wave attenuations obtained by these five formulas becomes easily to be distinguished at lower visibilities. The formula implemented with Rayleigh scattering approximation does not take the mutual interaction phenomenon into account, therefore, it will result in a lower value of wave attenuation. From research results, it can be concluded that the wave attenuation in sand and dust storms is not serious except for storms with visibilities less than a few meters. It is apparent that the particle size distribution function and equivalent particle radius are two major factors which will affect the wave attenuation in sand and dust storms. Finally, this paper mainly deals with wave attenuation in sand and dust storms. However, it should be noted that rather heavy cross polarization may be induced by sand and dust particles for severe storms with visibilities less than 10 m even for the propagation path length of 1 km [9] , [44] , [45] . For a linear/circular polarized signal, it is possible to have an apparent signal loss due to a heavy cross polarization induced by sand and dust particles at frequencies around 10 GHz [9] .
